ABSTRACT. A variety of chemotherapeutic drugs, e.g., etoposide and bleomycin, are widely used in clinical practice to treat many types of animal malignancies. In the clinical situation, cellular resistance to chemotherapy is a significant component of tumor treatment failure. A variety of DNA repair factors, e.g., Ku80, might be a key contributor to chemoresistance to anticancer agents. In both cancer and normal cells, Ku80 plays a key role as a sensor of DNA double-strand break (DSB) induced by treatment with some chemotherapeutic drugs. Although the localization and mobility of Ku80 play a key role in regulating the physiological function of Ku80, it is not clear whether those of Ku80 are affected after treatment with chemotherapeutic drugs. We examined the localization and mobility of Ku80 in living hamster cells with or without DSBs, which were induced by treatment with chemotherapeutic drugs. Our data showed that Ku80, in contrast to H2AX, is highly mobile in the nuclei. We found that before and after the induction of DNA damage by treatment with etoposide or bleomycin, a major portion of Ku80 is exchanged by the same kinetics in the nuclei of interphase cells. These results suggest that the mobility of a major portion of Ku80 is not affected by DNA DSBs in order to find other DSBs. In addition, the information would be worthy to develop some new chemotherapeutic drugs to treat many types of animal malignancies.
A DNA double-strand break (DSB) is the most dangerous DNA damage [11] . Unrepaired or improperly repaired DSBs can lead to chromosomal truncations and translocations, which can contribute to cancer in higher eukaryotic organisms. The phosphorylation of H2AX occurs at large chromatin domains flanking each DSB immediately after damage induction, e.g., ionizing radiation [27, 28] . DNAdependent protein kinase (DNA-PK), as well as ATM kinase, can phosphorylate serine 139 in a variant form of histone H2A designated as -H2AX [24, 32] . -H2AX forms foci at DNA DSBs induced by IR and drugs and plays a critical role in the retention of repair factors at sites of DNA DSBs [1, 3, 4, 28] . Two major pathways exist in mammalian cells for the repair of DNA DSBs: nonhomologous DNA-end-joining (NHEJ) repair and homologous recombination (HR) [11, 29] . The NHEJ repair process, which is responsible for repairing a major fraction of DNA DSBs in somatic cells of all multicellular eukaryotes, is considered to begin with the binding of Ku [9] .
Ku is a complex of 2 protein subunits of 70 and 80 kDa, hereafter designated as Ku70 and Ku80, respectively. It was shown that Ku is a DNA-binding component of a DNA-PK that phosphorylates many nuclear proteins in vitro, e.g., p53, Artemis, XRCC4, DNA-PKcs, or Ku itself [5, 21] . Accumulating evidence suggests the implication of the Ku in tumorigenesis and acquired drug resistance [5, 8] . On the other hand, Ku70, Ku80, and DNA-PKcs knockout mice exhibit tumorigenesis [8, 11] . In addition, the combined loss of p53 and a genome caretaker gene, e.g., Ku70, Ku80, or DNA-PKcs, accelerates genomic instability and tumorigenesis [8, 11] .
Defects in NHEJ result in genomic instability as evidenced by a variety of increased chromosomal aberrations [7] ; it follows that defects in this pathway may potentiate malignant transformation. Severe combined immunodeficiency (SCID) is an inherited disorder of humans, mice, horses, and dogs, in which affected individuals are incapable of generating antigen-specific immune responses [6] . The defective factor in these SCID animals is DNA-PKcs. Mutations interfering with DNA-PK in C.B-17 mice, foals, and Jack Russell Terriers occur in DNA-PKcs. On the other hand, mice with DNA-PKcs deficiencies or with defects in any component of the NHEJ pathway have an increased incidence of both spontaneous and radiation induced thymic lymphoma [11] . Statistically significant correlation between the development of sarcoid tumors in Arabian horses and heterozygosity for the mutant DNA-PKcs allele has been reported [6] .
DNA-PK is composed of two components: DNA-PKcs and Ku [11] . Ku stimulates the recruitment to DSBs of DNA-PKcs and activates the kinase activity [11] . Thus, the localization of Ku70 and Ku80 plays a key role in regulating the physiological function of Ku and DNA-PKcs in vivo [12, 31] . It was reported that Ku80 plays a key role in the repair of DNA DSBs induced by treatment with some chemotherapeutic drugs [2] . It has not been determined whether the mobility of Ku80 is affected after treatment with these drugs, although there are many reports about the localiza-tion of Ku80 [12] . Previously, we generated cell lines expressing Ku80 tagged with enhanced green fluorescent protein (EGFP) using Ku80-deficient hamster cells [13] . The EGFP-Ku80 complemented not only X-ray sensitivity but also the etoposide sensitivity of Ku80-deficient cells [13] .
Resistance to anticancer agents is one of the primary impediments to effective cancer therapy. Ku80 might be a key contributor to chemoresistance to anticancer agents, e.g., etoposide and bleomycin [2] . A variety of chemotherapeutic drugs, e.g., etoposide and bleomycin, are widely used in clinical practice to treat many types of animal malignancies. In the clinical situation, cellular resistance to chemotherapy is a significant component of tumor treatment failure. Ku80 plays a key role as a sensor of DNA doublestrand break (DSB) induced by treatment with some chemotherapeutic drugs, e.g., etoposide and bleomycin. The xrs-6 cells, which lack the Ku80, were shown to be sensitive to etoposide and bleomycin [13, 36] . It was reported that plateau phase xrs-6 cells were 500-fold more sensitive to bleomycin treatment than were parental CHO-K1 cells [36] . It was demonstrated that transfection of xrs-6 cells with the Ku80 cDNA rescued X-ray sensitivity and chemosensitivity of the mutant cells [13, 33] . In this study, we examined the localization and mobility of EGFP-Ku80 in living hamster xrs-6 cells with or without DSBs, which were induced by treatment with etoposide or bleomycin.
MATERIALS AND METHODS

Cell lines and cultures:
The Chinese hamster ovary mutant xrs-6 was derived from the CHO-K1 cell line on the basis of their sensitivity to ionizing radiation [33] . The gene product defective in xrs-6 has been identified as Ku80 [33] . The cell line of xrs-6 cells stably expressing EGFP-Ku80 was described previously [13, 15] . We have established cell line of CHO-K1 cells stably expressing GFP-H2AX. The cell line of human tumors, HeLa-S3, was described in previous studies [18] . Cells in the exponentially growing phase were exposed to various doses of etoposide and bleomycin. Both DNA DSB inducers were purchased from Wako Pure Chemical (Osaka, Japan).
Cell survival assays: Exponentially growing cells were plated at 500 cells/well in 96-well plates and subjected to cell survival assays. The following day, the cells were exposed to various concentrations of etoposide for 1 hr at 37C in media [13] . Etoposide was freshly diluted from a 68 mM stock solution in DMSO. Cells exposed to etoposide were then washed twice with a medium, placed in a fresh medium and incubated for 2 days. The survival rates of the cells were monitored by MTS assay using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, WI). All exposures were carried out in triplicate.
Immunoblotting: The extraction of total lysates was performed as previously described [16, 18, 19] . The supernatants were electrophoresed on 4-20% SDS-polyacrylamide gels. The fractionated products were electrotransferred onto Hybond-P membranes (GE Healthcare Bio-Sci. Corp., Piscataway, NJ). After blocking nonspecific binding sites with an ECL-blocking reagent (GE Healthcare Bio-Sci. Corp.), the membranes were incubated with a goat anti-Ku70 polyclonal antibody (C-19) (Santa Cruz Biotechnology, Santa Cruz, Ca), a goat anti-Ku80 polyclonal antibody (M-20) (Santa Cruz Biotechnology), a mouse anti--H2AX monoclonal antibody (Upstate Biotechnology Inc., Charlottesville, VA) or a mouse anti--actin monoclonal antibody (Sigma, St. Louis, MO). The corresponding proteins were visualized using an enhanced chemiluminescence (ECL) Western blotting detection system (GE Healthcare Bio-Sci. Corp.), in accordance with the manufacturer's instructions.
Immunofluorescence staining: Immunofluorescence staining was performed as previously described [17] . Briefly, cells were grown on culture glass slides (Falcon), washed with PBS, and fixed at room temperature. The fixed cells were first blocked for 30 minutes (min) using a blocking solution and then incubated for 30 min at room temperature with a goat anti-Ku80 polyclonal antibody (M-20) or a mouse anti--H2AX monoclonal antibody. After washing with PBS three times, antibody binding was detected by the application of Alexa fluor 568-conjugated secondary antibodies (Molecular Probes, OR). DNA was stained with the DAPI fluorescent dye. The distribution of fluorescent signals was monitored by FV300 confocal laser scanning microscope (Olympus, Tokyo, Japan) as previously described [15] .
FRAP analysis using confocal laser scanning microscopy: FRAP analysis using confocal laser scanning microscopy was performed as previously described [34] . Briefly, images of live cells and time-series FRAP images were obtained by confocal laser scanning microscopy (ZeissLSM510 Meta, Carl Zeiss, Germany). Green fluorescence in the range from 505 to 550 nm was detected by the excitation at 488 nm with an argon laser. Photobleaching was carried out by 5 iterative scans of a selected region at the maximal laser power. Both of the images of the region which was photo-bleached and the region that was not photobleaced, were recorded before photobleaching, immediately after photobleaching, and subsequently every 0.8 seconds (sec), with 10% laser power. The fluorescence intensity within the photobleached or unphotobleached region was measured in each frame and was calculated using software in LSM510. The reproducibility of all the data was confirmed by doing twice or more repeatedly.
RESULTS
Techniques using GFP are a powerful tool for analyzing protein mobility in living cells. To examine the localization and mobility of Ku80 in living cells, it is convenient to use cell lines stably expressing chimeric constructs of EGFP and the wild-type Ku80 protein. Previously, we established cell lines stably expressing EGFP-Ku80 (N-terminal tagging) using Ku80-deficient hamster xrs-6 cells [13, 15] . Firstly, to reconfirm whether EGFP-tagged Ku80 is expressed and functioned stably in the tranfectants, the expression levels of Ku70 and Ku80 in whole-cell extracts prepared from xrs-6 transfectants containing pEGFP or pEGFP-Ku80 were compared with those from human cells (HeLa). As shown in Fig. 1 , EGFP-Ku80 in the transfectants was expressed at a lower level than endogenous Ku80 in HeLa cells, suggesting that EGFP-tagged Ku80 was not overexpressed abnormally in the transfectants. In addition, we detected that hamster Ku70 in extracts prepared from the EGFP-Ku80 transfectants was expressed, although the level was lower than that of endogenous Ku70 in extracts from HeLa cells (Fig. 1) , confirming that exogenous Ku80 tagged with EGFP, as well as human Ku80 in HeLa cells, stabilizes endogenous Ku70 in these stable transfectants. Expectedly, we were not able to detect hamster Ku70 and Ku80 in the extracts prepared from the EGFP transfectants (Fig. 1A) . In addition, we reconfirmed that EGFP-Ku80 in the transfectants can significantly complement the defects of etoposide sensitivity of xrs-6 cells (Fig. 1B) . To compare the subcellular localization of EGFP-Ku80 during cell cycle in fixed and living cells, the localization of the fusion protein was examined under a fluorescence microscope. First, transfectants expressing either EGFP-Ku80 or EGFP alone were fixed and immunostained with an anti-Ku80 antibody, to confirm that the proteins visualized using EGFP were Ku80 tagged with EGFP in EGFP-Ku80 transfectants (Fig. 1C) . We observed an agreement between Ku80 staining and the fluorescence of EGFP in the EGFP-Ku80 transfectants (Figs. 1Ca', b' ). On the other hand, no Ku80 staining was observed in the EGFP transfectants (Fig. 1Cc') . In the both fixed and living cells, immunofluorescence microscopy showed that EGFP-Ku80 localized in the nuclei of inter- phase cells, whereas EGFP-Ku80 was distributed diffusely in the cytoplasm of mitotic cells (Figs. 1C and 1D ) (data not shown). These data support the idea that the cell lines stably expressing EGFP-Ku80 are useful for the analysis of Ku80 behavior. Next, to clarify the dynamic behavior of Ku80 in the nucleus of our established living hamster cells, we analyzed the mobility of EGFP-Ku80 in the nucleus of stable EGFPKu80 transfectants using FRAP analysis. We found that fluorescence was recovered rapidly after bleaching in living hamster cells (Fig. 2A) . In addition, we found that total fluorescence was decreased during photobleaching and sharply-defined bleaching area was not observed in living hamster cells ( Fig. 2A) , supporting the idea that EGFPKu80 has high mobility. In addition, we analyzed the mobility of GFP-H2AX in the nucleus of stable GFP-H2AX transfectants using FRAP analysis. As shown in Fig. 2C , there was little or no fluorescence recovery 20 sec after photobleaching in hamster cells stably expressing GFP-H2AX. Expectedly, no fluorescence was recovered in hamster cells stably expressing EGFP-Ku80, which were fixed before the photobleaching (Fig. 2B) .
We determined the mobility of EGFP-Ku80 in our stably expressing cells. The change of fluorescence levels within both unbleached (Fig. 3A, b) and photobleached (Fig. 3A, a) regions were determined by scanning every 0.8 sec. As shown in Fig. 3B , the fluorescence within the photobleached region was recovered at the same intensity as that within the unphotobleached region in the nucleus of living hamster cells after photobleaching. On the other hand, the fluorescence intensity within the unphotobleached region decreased in the nucleus of living hamster cells after photobleaching, suggesting that EGFP-Ku80 has a high diffusional mobility. Expectedly, the recovery of fluorescence within the photobleached region and the change in fluorescence intensity within the unphotobleached region were not observed in hamster cells stably expressing GFP-H2AX (Fig. 3A, C) . Two drugs, namely, etoposide and bleomycin, are known to produce DNA DSBs with different efficiencies and by different mechanisms [35] . We first investigated the phosphorylation of H2AX in the EGFP-Ku80 transfectants treated with the two drugs for 1 hr by Western blot analysis using the anti--H2AX antibody. As shown in Fig. 4A , the level of H2AX phosphorylation on Ser 139 increased in response to etoposide or bleomycin in a dose-dependent manner. It has not been clarify whether Ku80 accumulates and forms foci at DNA DSBs induced by etoposide or bleomycin, although Ku80 plays an essential role in the repair of DNA DSBs induced by these drugs in mammalian cells. In addition, it has not been determined whether the mobility of Ku80 is affected after treatment with these drugs. To clarify the localization and mobility of Ku80 under the conditions of induction of the phosphorylation of H2AX on Ser139 following the treatment with these DSB inducers, we first examined the localization of EGFP-Ku80 after treatment with etoposide or bleomycin for 1 hr in the EGFP-Ku80 transfectants. As shown in Fig. 4B , a strong -H2AX staining was observed in the nuclei of the transfectants upon treatment with the drugs. EGFP-Ku80 fluorescence, as well as -H2AX staining, was detected within the nuclei after treatment with etoposide or bleomycin. However, we were not able to detect the accumulation of EGFP-Ku80 at the -H2AX foci using conventional fluorescence microscopy and confocal laser microscopy (Figs. 4B and 4C) .
To study the response of a major portion of Ku80 to damage in living animal cells, we analyzed the mobility of EGFP-Ku80 in the damaged nucleus of the transfectants using FRAP analysis. As shown in Fig. 5 , the mobility was unaffected after treatment with etoposide or bleomycin, suggesting that a major portion of EGFP-Ku80 does not show altered mobility in the transfectants with a large number of DNA DSBs.
DISCUSSION
It is well known that Ku is a genome caretaker gene. In malignant cells, Ku80 plays a key role in the repair of DNA DSBs induced by treatment with chemotherapeutic drug [2] . It is well known that Ku80-dependent DNA repair pathway participates in the mechanisms of the chemoresistance. On the other hand, the control mechanisms underlying the localization of Ku80 play a key role in regulating the function of Ku in vivo [12, 31] . Howevere, it has not been determined whether the localization and mobility of Ku80 is affected after treatment with these drugs. In this study, we examined the localization and mobility of Ku80 in living hamster cells with or without DSBs, which were induced by treatment with chemotherapeutic drugs. Our data showed that Ku80, in contrast to H2AX, is highly mobile in the absence of DSBs. In addition, we first noted that before and after the induction of DNA damage by treatment with etoposide or bleomycin, a major portion of Ku80 in stable transfectants is exchanged by the same kinetics in the nuclei of interphase cells.
Rodgers et al. has originally reported that transiently expressed Ku80-EGFP (C-terminal tagging) is highly mobile in human cancer cells [26] . On the other hand, immobility of H2AX in the absence of DNA damage was originally shown in human cells [30] . In this study, we confirmed the results concerning the high mobility of Ku80 in hamster xrs-6 cells. In addition, we showed that Ku80, in contrast to H2AX, is highly mobile in the absence of DSBs in hamster xrs-6 cells. As described above, EGFP-Ku80 (Nterminal tagging) used in this study complemented not only X-ray sensitivity but also the etoposide sensitivity of Ku80-deficient hamster xrs-6 cells [13] . FRAP analysis using cells stably expressing EGFP-Ku80 suggests that functional EGFP-Ku80 (N-terminal tagging) is highly freely mobile in the absence of DSBs in endogenous Ku80-deficient hamster xrs-6 cells. Recently, using these cells, we showed that EGFP-Ku80 accumulation at DSBs began immediately after irradiation using a microlaser [15] . Thus, Ku80 might be moving rapidly within the nuclei in order to find DSBs in hamster cells.
Bleomycin and etoposide induce DNA DSBs via different mechanisms and efficiencies [35] . It was reported that radiation-induced strand breaks are repaired with a half time of less than 5 min, whereas etoposide-induced strand breaks are repaired with an hour or more [23] . EGFP-Ku80 used in this study complemented not only X-ray sensitivity but also the etoposide sensitivity of Ku80-deficient cells [13] , although the rates of rejoining of DNA DSBs differ between etoposide and radiation [23] . It is well known that phspohorylation of H2AX is a sensitive indicator of DNA DSBs induced by drugs, e.g., bleomycin and etoposide, as well as by radiation [35] . In this study, as H2AX was phosphorylated 1 hr after treatment with the reagents, a large number of DSBs were certainly formed at the concentrations we used. Thus, our data suggest that the generation of a large number of DSBs by treatment with 2 chemotheraputic drugs, i.e., etoposide or bleomycin do not affect the localization and mobility of a major portion of EGFP-Ku80. We speculate that the mobility of a major portion of Ku80 is not affected by DNA DSBs in order to find other DSBs. Previously, we reported that the accumulation of EGFPKu80 at microlaser-induced DNA DSBs (-H2AX foci) has been detected easily using the detection conditions used in this study [15] . However, under the same detection conditions, whereas -H2AX foci has been detected easily, the accumulation of EGFP-Ku80 has not been detected at DNA DSBs (-H2AX foci) and EGFP-Ku80 did not change its pattern of localization cytologyically following treatment with etoposide and bleomycin. On the other hand, the localization of NHEJ factors, e.g., Ku70 and Ku80, at ionizing radiation (IR)-induced DNA DSBs (-H2AX foci) has not been cytologically detected, but the localization of HR-and HR-related factors at IR-induced DNA DSBs (-H2AX foci), e.g., Rad51, Rad52, Nbs1, and 53BP1, has been detected easily [10, 20, 22] . Thus, we conclude that the accumulation of Ku80 to a level that they become visible as a nuclear focus at etoposide-or bleomycin-induced damage sites as well as at IR-induced damage sites, is not required in the repair of a single DSB through the NHEJ pathway. On the other hand, the differences of results between our previous microlaser study [15] and this drug study might be depend on the difference by both the complexity of DSBs and the density of DSBs, although further studies are required to clarify this.
In conclusion, we have shown the localization and mobility of EGFP-Ku80 in living animal cells with or without DSBs, which were induced by treatment with chemotherapeutic drugs. Further studies to elucidate the molecular mechanism underlying the mobility and localization of Ku will lead to a better understanding of not only the regulation mechanism of this protein, but also of the development of new gene therapy and chemotherapy to many types of animal malignancies. 
